efferent innervation originating from the superior olivary complex, located in the brainstem (Rasmussen, 1942(Rasmussen, , 1946(Rasmussen, , 1955. The functional significance of this olivocochlear (OC) system, however, has remained controversial. The OC system can be divided into lateral and chlear deefferentation provide some evidence for this
(C) RT-PCR analysis for ␣9 expression in olfactory tissue from heterozygous and knockout ␣9 mice is shown. Additionally, RT-PCR analysis using primers specific for the olfactory marker protein (OMP) are shown to illustrate that the RNA isloated from these mice is of high quality for use as template for RT-PCR reactions. ␣9 heterozygous mice possess a fragment of the predicted size (594 bp), while no band is observed with RNA isolated from the homozygous knockout mice. The predicted size of the band from the homozygous mice is 61 bp and has run off the gel. These results confirm that exon 4 is not present in the homozygous knockout mice. (D) Schematic of the ␣9 protein shows the region of the protein involved by the recombination event. The first 100 amino acids of the protein are represented as a black and white segment and are not involved in the recombination events. The neo cassette replaced the region of the gene encoding the ligand-binding site, the entire first and second transmembrane domains, and a portion of the third transmembrane domain (amino acids 100-278; lightly shaded region). The final region of the protein, not directly involved with the recombination process, is shaded dark gray. However, due to a frame shift imposed by the incorporation of the targeting vector and the stop codons within the neo cassette itself, this region is not capable of coding for ␣9 protein expression. Additionally, at least one nonnative stop codon is introduced following the third transmembrane domain as a result of the frameshift.
(Walsh et al., 1998). Such a developmental role for ␣9
To investigate the role(s) of the ␣9 nicotinic ACh receptor subunit in vivo, both in developmental processes may include transducing early ACh release as signals that alter gene expression and/or cell growth, rather than and adult auditory function, we used a gene-targeting strategy to generate a mouse strain homozygous for a as classical neurotransmission signals. The idea that neurotransmitters participate in developmental or mornull mutation of the ␣9 gene. This report describes the production of the ␣9 knockout mouse, as well as an phogenetic signaling roles prior to their role in conventional neurotransmission has been previously suggested anatomical and physiological characterization of this mouse, and describes the consequences of ␣9 gene (Lauder, 1993 Frozen sections of a brain obtained from an ␣9 knockout mouse were processed for immunostaining using an antibody to ChAT to illustrate cholinergic fibers and cell bodies. A ChAT-positive fiber bundle (arrow) crossing the midline and occupying the area normally associated with the olivocochlear bundle in wild-type mice was consistantly observed in three knockout mice. MLF, medial longitudinal fasciculus; 6 nuc, abducens nucleus. Magnification, 100.
Results

Generation and Analysis of ␣9 Mutant (Knockout) Mice
The intron-exon structure of the ␣9 gene obtained by genomic mapping is illustrated in Figure 1A . In the targeting construct, exon 4 and its flanking intronic sequences (including splice donor and acceptor sites) were replaced by a neomycin resistance gene. This renders any translated ␣9 protein nonfunctional, since exon 4 contains the coding sequence for the ligand-binding Figure 1D ). roughly equal size (average, 3.1 m), whereas in the knockout, the singlet terminals were larger (average, 6.5 m) was observed crossing the midline in the expected location of the OC bundle, suggesting that the gross devel-( Figures 3A and 3B ). However, cochleas examined from wild-type mice always possessed some large singlet opment and position of the OC bundle is not altered in the knockouts (Figure 2 ). This point is critical in interpreterminals under OHCs, and these terminals were approximately equal in average size to the more numerous ting our failure to elicit classic OC effects when electrically stimulating the brainstem in knockout mice (see large terminals found in the cochleas of knockout mice. Confocal microscopy of synaptophysin-stained cobelow).
Cochlear efferent innervation was evaluated with antichlea also revealed abnormalities in the IHC area ( Figure  4 ). In wild types, the spiraling plexus of synaptophysinbodies specific for either (1) the vesicular acetylcholine transporter (VAT), to reveal cholinergic components, or positive terminals included a dense matrix at levels well below the IHC base, where terminals contact dendrites (2) synaptophysin, an integral protein of the synaptic vesicle membrane, to reveal the overall efferent inof primary sensory neurons (Slepecky, 1996) , as well as a sparser plexus of terminals positioned around the IHC nervation.
In wild-type mice, synaptophysin-immunostained prosoma, sometimes at levels up to the nucleus ( Figure  4A ). The latter population of terminals, which may make files were present along the entire cochlea, from base to apex, as (1) Figure 7A ). Thus, the CAP amplitude onstrate that classical OC function (as defined by results observed following midline activation of, presumably, was always reduced by OC shocks, especially at low stimulus levels, resulting in a rightward shift of the level mostly medial OC system fibers) in ␣9 knockout mice is severely compromised.
versus amplitude function, comparable to a 10 dB attenuation in sound level. In the knockouts, on the other In wild-type controls, OC shock trains always caused clear and systematic alterations in DPOAE amplitude hand, the shocks had no effect on CAP amplitudes. One example is shown is Figure 7B . (Figure 6A ). Primary tones were presented continuously (f 2 ϭ 18 kHz) at a sound pressure level adequate to produce a DPOAE amplitude 10-20 dB above the meaDiscussion surement noise floor (in the absence of OC shocks). Six consecutive paired measurements were made in which The ␣9 Nicotinic Receptor Subunit and Development of Efferent Innervation the DPOAE was measured alternately without, and then with, simultaneous delivery of a continuous train of The abnormal efferent innervation in both OHC and IHC regions of the ␣9 nicotinic receptor knockout mouse shocks. In the example shown in Figure 6A , the shock trains caused roughly a 5 dB decrease in DPOAE amplisuggests that the ␣9 subunit plays a role in the development of synaptic connections between efferent nerve tude. In the knockout, by comparison, there was no apparent OC effect ( Figure 6B ). Given that the OC bundle fibers and hair cell somata. Abnormal target innervation resulting from loss of neurotransmitter receptors has remains intact in the knockout mice, failure to elicit a response cannot be due to the lack of (or misdirection also been reported in the NMDAR1 knockout mouse, where gene deletion caused malformations of barreletof) the OC bundle that would lead to an unsuccessful stimulation of the fibers. tes in the trigeminal nucleus (Li et al., 1994). The elucidation of the exact mechanism(s) underlying Data from all mice tested demonstrates that ablation of the ␣9 gene completely eliminates OC effects on the the abnormal efferent terminal morphology is beyond the scope of this initial report characterizing the broad DPOAEs ( Figure 6C ). In each animal tested, a mean OC effect was computed from the six paired measurements, range of effects following ablation of the ␣9 gene. However, a few possible ways by which the abnormal morand the statistical significance of the difference was assessed (t test). All six wild-type control animals, and phology could come about can be envisioned. Mechanisms underlying the abnormalities in the ␣9 knockout two out of three heterozygotes tested, showed a highly significant OC effect (p Ͻ 0.001). In contrast, none of may be analogous to those reported for the neuromuscular junction (Balice-Gordon and Lichtmann, 1994) the six knockouts tested showed an OC effect that was statistically significant (Figure 6C ). Although only a few where relative synaptic activity level has been shown to influence survival of different branches of a single heterozygotes were tested, the data suggest no difference between wild types and heterozygotes with remotoneuron. This model would therefore predict that incoming fibers are capable of sampling target strucspect to the size of the OC effect. The average OC effect was compared between four wild-type and four tures and assessing if the target is able to respond to a stimulus from the efferent fiber. In the absence of a knockout mice, all of which were closely matched for response, the fiber can sample other, nonconventional recognition. Without ␣9 activity, the first terminal to contact an OHC enjoys an advantage in the competition targets to find a responsive postsynaptic element, with the imbalance in activity leading to retraction of fibers for synaptic space on the soma it contacts, possibly because of a lack of adhesion between the growth cone from the silent target. In the IHC area, OC fibers normally target both IHC somata (although rarely) and the periphand the hair cell, thereby allowing the efferent terminal to hypertrophy around the OHC soma. eral processes of type I spiral ganglion cells. Type I spiral ganglion neurons express nAChR subunits other Finally, in contrast to the possibility that activity via ␣9 exerts an influence on gene expression levels in the than ␣9 (Morley et al., 1998) Compound Action Potentials (CAPs) nals under the hair cells was easily assessed, but since this initial evaluation is done at the light microscopic level, there remains the CAP was recorded via a silver wire on the round window membrane, referred to the mouthbar, amplified (10,000ϫ), filtered (0.3 to 3 kHz chance that some single terminal profiles are actually multiple terminals, the individuality of which cannot be resolved by the light mipassband), digitized, and averaged. Acoustic stimuli were 5 ms tone pips (0.5 ms rise-fall) presented at 4/s through one of the ER-10C croscope. Electron microscopic analysis will better answer such concerns but is beyond the scope of this initial, broad-based investitransducers. Responses to 64 stimuli were averaged, with stimulus polarity reversed on half of the presentations to remove cochlear gation. Counts of terminals were tabulated as number of terminals per hair cell, and at least four mice of each genotype were used in microphonic potentials. To assess OC function, CAP amplitudes were compared with and without electric stimulation of the OC this analysis. Data were binned as frequency of single, double, triple, etc., terminals observed under outer hair cells and used to create bundle, delivered in a 100 ms bursts, each burst ending 10 ms before each tone pip. an observation frequency histogram. Additionally, total numbers of terminals were counted under OHCs from the middle turn, and a t test was performed to assess whether differences in the total num
